Estrogens affect cerebellar activity and cerebellum-based behaviors. Within the adult rodent cerebellum, the best-characterized action of estradiol is to enhance glutamatergic signaling. However, the mechanisms by which estradiol promotes glutamatergic neurotransmission remain unknown. Within the mouse cerebellum, we found that estrogen receptor activation of metabotropic glutamate receptor type 1a strongly enhances neurotransmission at the parallel fiberPurkinje cell synapse. The blockade of local estrogen synthesis within the cerebellum results in a diminution of glutamatergic neurotransmission. Correspondingly, decreased estrogen availability via gonadectomy or blockade of aromatase activity negatively affects locomotor performance. These data indicate that locally derived, and not just gonad-derived, estrogens affect cerebellar physiology and function. In addition, estrogens were found to facilitate parallel fiber-Purkinje cell synaptic transmission in both sexes. As such, the actions of estradiol to support cerebellar neurotransmission and cerebellum-based behaviors might be fundamental to understanding the normal processing of activity within the cerebellar cortex. (Endocrinology 159: 1328(Endocrinology 159: -1338(Endocrinology 159: , 2018 F or decades, estrogens have been known to affect cerebellar function and development in both male and female animals (1-3). Early in rodent development, estrogens influence cerebellar synaptic connectivity and other aspects of its neuroanatomical organization (4-6). Within the adult, estrogens enhance synaptic efficacy and augment cerebellum-mediated behaviors (7-10). The clinical deficits occurring after the administration of estrogen receptor antagonists and aromatase inhibitors in humans also suggest a central role of estradiol in cerebellar function (11-16). Additionally, numerous studies have described neuroprotective effects of estrogens within this brain region (17) (18) (19) (20) . However, despite all this evidence, we lack a clear understanding regarding the mechanisms by which estrogens exert influence on the cerebellum.
in conjunction with both established electrophysiological and behavioral techniques, we have reexamined estrogen action within the rodent cerebellum. We have defined a mechanism by which estrogens support normal cerebellar function. In both males and females, estrogen receptor activation supports metabotropic glutamate receptor type 1a (mGluR1a) neurotransmission, which is required for proper parallel fiber (PF)-Purkinje cell synaptic function. Moreover, activation of cerebellar estrogen receptors is at least partially mediated by local estrogen synthesis. Consequently, estrogen depletion results in deficits in locomotor activity, demonstrating the physiological importance of this hormone for normal behavior.
Materials and Methods

Animals
For the mouse experiments at the University of Minnesota, the Institutional Animal Care and Use Committee approved the procedures. Intact and gonadectomized mice (strain, Friend Virus B; age, 3 to 4 months) arrived from Charles River Laboratories (Wilmington, MA). The mice were housed in groups of four (separated by sex) in plastic cages and maintained in a specific pathogen-free colony room. The animal room was maintained at a controlled temperature with a 12-hour light/dark schedule. Food and water were available ad libitum. Experimental procedures began 1 week after acclimation. Experiments in rats were performed at Nanjing University and were in compliance with the U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals. Patch clamp experiments used male and female rats (Sprague-Dawley; Experimental Animal Center of Nanjing Medical University, Nanjing, China) aged 12 to 16 days. The younger age of the rats was necessary to obtain stable patch clamp recordings. The data are presented as the mean 6 standard error of the mean throughout.
DigiGait™ acquisition and analysis
The mice were given a subcutaneous osmotic minipump implant under isoflurane anesthesia (1.5% to 2%). To prepare for the midscapular incision, the fur was removed, and the area was disinfected with betadine. A midscapular incision was made through the skin, and a subcutaneous pocket was created by opening and closing a hemostat between the skin and muscle and spreading the subcutaneous tissues apart. ALZET osmotic minipumps (model no. 2002; Durect Corporation, Cupertino, CA) were filled under sterile conditions with either the aromatase inhibitor fadrozole (Fad; catalog no. F3806; SigmaAldrich, Burlington, MA) in 0.9% saline (0.5 mg/kg/d) or 0.9% saline as per the manufacturer's instructions. A filled osmotic minipump was inserted into the pocket, with the flow modulator of the pump pointing away from the incision. The incision was closed using wound clips. One week after surgery, the mice were tested for differences in locomotor function.
The DigiGait™ System (Mouse Specifics, Inc., Framingham, MA) performs gait analysis of rodents over a range of walking and running speeds by monitoring an animal's gait continuously via ventral plane images taken through a transparent motorized treadmill at a rate of 80 frames/s. These images generate digital paw prints and a dynamic gait signal for each of the four limbs and quantifies both spatial and temporal indexes of gait. The mice were tested at a "running" speed of 25 cm/s. Videos (5 to 7 seconds) of each mouse were analyzed using the DigiGait™ software, version 12.4, to automatically calculate the values for the gait parameters. The effects were analyzed through two-way analysis of variance (ANOVA), followed by Tukey honest significant difference.
In vivo flavoprotein optical imaging and field potential recordings
Optical imaging was performed as previously described (27) . The mice were anesthetized with urethane (intraperitoneal injection of 1.2 mg/kg urethane, supplemented with 0.3 mg/kg urethane as needed) and mechanically ventilated; the core temperature was maintained. Each mouse was placed in a stereotaxic frame, crus I and II of the cerebellar cortex were exposed, and the dura was removed. An acrylic chamber was constructed around the exposed folia and filled with normal Ringer solution. The mouse and stereotaxic frame were placed on a large stage with precision x and y translation. Flavoproteinbased autofluorescence optical imaging was performed using Nikon epifluorescence optics, with an excitation band-pass filter of 420 to 490 nm, a 500-nm dichroic mirror, and a long-pass filter of .515 nm. The camera was focused just below the surface of the cerebellar cortex, and parallel fibers were activated by a tungsten microelectrode placed just into the molecular layer. The basic imaging paradigm consisted of collecting a time series of 200-ms images before, during, and after parallel fiber (PF) stimulation (a train of 10 pulses at 100 Hz of 200 mA and 100 ms).
Having obtained a series of images, the optical response was determined by subtracting the average of the first 20 background images (control images before PF stimulation) from each image in the series acquired to generate a series of "difference" images. These difference images were then divided by the control average on a pixel-by-pixel basis, in which the intensity value of each pixel reflects the change in fluorescence intensity relative to the average of the control frames (DF/F). To quantify the response to PF stimulation, a region of interest (ROI), defined by the evoked beam or long-term patches, was visually determined, and the same ROI was used throughout an experiment to quantify any changes in the response. For the beam, the response to the parallel fiber stimulation consisted of an initial increase in fluorescence (light phase) that is tightly coupled to the strength of the stimulation (25) . Therefore, the analysis was restricted to the light phase, averaging the five frames centered on the peak amplitude of the light phase to obtain the average DF/F within the ROI. The long-latency patches occurred ;25 to 30 seconds after PF stimulation, an ROI was defined for each patch, and the 25 frames were averaged around the peak to obtain the amplitude (27) . Beam and patch intensities during the baseline measurements were compared with those occurring after 50 to 65 minutes of bathapplied drug (or vehicle). The effects were analyzed using a paired Student t test. For the experiments using the metabotropic glutamate receptor (mGluR) 1 antagonist JNJ 16259685 (JNJ; 1 mM) and the estrogen receptor antagonist ICI 182,780 (ICI; 1 mM), fluorescence was measured first for 30 minutes after JNJ treatment and then 30 minutes later in the presence of JNJ and ICI. The effects were analyzed via an ANOVA (withinsubject design with repeated measures), followed by a post hoc Bonferroni test.
Electrophysiology
Field potential recordings
Field potential recordings of the responses to PF stimulation provided an electrophysiological assessment of the pre-vs postsynaptic effects of blocking estrogen receptors in the cerebellum of mice. Using established protocols (27) , the field potentials in the molecular layer were recorded using glass microelectrodes (2M NaCl, 2 to 5 MV), digitized at 25,000 Hz and averaged (responses to 16 single PF stimuli at 1 Hz). The P1/ N1 component is a measure of the presynaptic response, and the N2 component is a measure of the postsynaptic response (25, 27, 28) . The field potentials were monitored every 3 to 4 minutes for 30 minutes before and for 65 minutes during the drug applications. The field potential amplitudes during the baseline measurements were compared with those after 50 to 65 minutes of bath-applied drugs. The effects of ICI and Fad on the P1/N1 and N2 components were analyzed using ANOVA (within-subject design) followed by a post hoc Bonferroni test.
Whole-cell patch clamp
Coronal cerebellar slices (400-mm thick) were prepared with a vibroslicer (VT 1200 S; Leica, Germany) guided by the rat brain atlas (29) . The slices were incubated in artificial cerebrospinal fluid (ACSF; composition: 124 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 1.3 mM MgSO 4 , 26 mM NaHCO 3 , 2 mM CaCl 2 , and 10 mMD-glucose) equilibrated with 95% oxygen and 5% carbon dioxide at 35°6 0.5°C for $1 hour and then maintained at room temperature. During recording sessions, the slices were transferred to a submersion chamber and continuously perfused with 95% oxygen and 5% carbon dioxide-oxygenated ACSF at a rate of 2 mL/min maintained at room temperature.
Whole-cell patch recordings were performed as in previous reports (30, 31) on cerebellar cortical Purkinje neurons with borosilicate glass pipettes (3 to 5 MV) filled with an internal solution (composition: 140 mM K-methylsulfate, 7 mM KCl, 2 mM MgCl 2 , 10 mM HEPES, 0.1 mM EGTA, 4 mM Na 2 -ATP, 0.4 mM GTPTris, adjusted to pH 7.25, with 1 M KOH). During the recording sessions, Purkinje neurons were visualized with an Olympus BX51WI microscope. Patch-clamp recordings were acquired with an Axopatch-700B amplifier (Molecular Devices, Sunnyvale, CA). Data capture and analysis was performed using a Digidata-1440A interface and pClamp, version 10.2, software (Molecular Devices). Neurons were held at a membrane potential of 270 mV and characterized by injection of a rectangular voltage pulse (5 mV, 50 ms) to monitor the whole-cell membrane capacitance, series resistance, and membrane resistance. Neurons were excluded from the study if the series resistance was not stable or exceeded 20 MV.
The slices were bathed in the pan-specific group I mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG; 100 mM; Tocris, Minneapolis, MN) to induce an inward current by specific activation of mGluR on the recorded Purkinje neurons. Next, the slices were perfused with ACSF containing 17b-estradiol (1 nM; Sigma-Aldrich) for 20 minutes to observe the effect of estradiol on the mGluR-specific current. Afterward, the actions of estradiol were tested in the presence of the mGluR1-specific antagonist CPCCOEt (125 mM; Tocris) to assess whether the effect of estradiol was dependent on mGluR1. CPCCOEt was used instead of JNJ in these experiments, because the JNJ drug was unavailable to the experimenters at the time.
In addition to the pharmacologically induced mGluR current, we determined the effect of estradiol on the slow excitatory postsynaptic currents (sEPSCs) and mGluR excitatory postsynaptic currents (EPSCs) evoked by PF stimulation. A concentric bipolar electrode (CB ARC75; FHC Inc.) was positioned in the molecular layer in the vicinity of the recorded neuron to stimulate the PFs. PFs were activated by applying a train of 10 pulses (20 to 200 mA, 300 ms) at 100 Hz to the electrode through a programmable stimulator (Master-9; A.M.P.I., Jerusalem Israel). The g-aminobutyric acid A receptor antagonist SR95531 (20 mM) and the glutamate transporter blocker DL-TBOA (50 mM) were applied to inhibit inhibitory synaptic transmission and obtain apparent sEPSCs. The effects of 17b-estradiol (1 nM) on the PF-evoked sEPSCs in the absence and presence of CPCCOEt (125 mM) were evaluated. For whole-cell patch clamp experiments, data were analyzed via a paired Student t test.
Estrogen concentration measurements
Extraction of estradiol from cerebellar cortex homogenate was adapted from previously reported methods (32) . Cerebellar tissue was maintained at 280°C until the day of extraction. Homogenates [one-quarter fraction of tissue in 1 mL of 0.1 M phosphate buffer (PB)] were first liquid extracted with 2 mL of diethyl ether three times in series for maximum yield. After resuspension in 0.1 M PB, the samples were solid phase extracted on C18 columns (Empore) with an elution using 100% MeOH (high-performance liquid chromatography grade). The estradiol concentrations were then measured using a validated enzymelinked immunosorbent assay (catalog no. 582251; Cayman Chemical, Ann Arbor, MI). The estradiol content measurements from the assay were corrected based on the wet weight (mg) of each cerebellar hemisphere. All samples were detectable above blanks (0.1 M PB with no brain content) with 78.5% extraction efficiency and standard curve R 2 at 98%.
Results
The effect of estrogen depletion on cerebellar functioning was assessed via analysis of locomotor behavior, because the cerebellum is required for normal movement (33) and estrogen increases Purkinje cell activity during locomotion (10, 34) . To avoid potential confounders, these behavioral studies solely used male mice, because estrogens are known to affect basal ganglia functioning in females (35) , including enhancing sensorimotor performance (36) . The behavioral analysis consisted of monitoring treadmill activity via the DigiGait™ System. Both intact and castrated mice were compared. Conspicuously, although the male gonads produce estrogens, they are not the primary hormone produced by the testes. Hence, behavioral changes due to castration alone cannot singly be ascribed to a deficiency in estrogens. Because the brain can also synthesize estrogens directly, as well as can other organs outside the gonads, both intact and castrated mice were implanted with a minipump to systemically deliver either the aromatase inhibitor Fad (0.5 mg/kg/d) or vehicle. Fad administration allowed us to directly attribute alterations in behavior to changes in estradiol availability. Both castration and Fad produced deficits in locomotor performance. Two main behaviors were altered.
When examining the ratio in which the rear paws were in a stance position vs swinging forward (Fig. 1A) , main effects were found for both castration (F = 16.53; P , 0.01, n = 4 to 10 per group) and Fad (F = 7.08; P , 0.05). Similar results for castration (F = 13.08; P , 0.01) and Fad (F = 5.55, P , 0.05) were found when examining the average time in which both rear paws were on the ground (Fig. 1B) . Of particular interest, deficits in these same behaviors were observed in a mouse model of cerebellar ataxia (37) .
In attempt to uncover the mechanism by which estradiol affects cerebellar functioning, we turned to activity-dependent optical imaging. Using this technique, we were able to access, in vivo, alterations in cerebellar synaptic signaling. Specifically, changes in the endogenous fluorescence of mitochondrial flavoproteins were used to monitor PF-Purkinje cell synaptic transmission in the anesthetized mouse ( Fig. 2A) . The PFs are the bifurcated axons of the granule cells and create 100,000 to 200,000 glutamatergic synapses on each postsynaptic Purkinje cell (28) . Furthermore, estradiol supports glutamatergic neurotransmission in the cerebellum (7-10). PFs were stimulated with a train of 10 pulses (200 mA, 100 ms) at 100 Hz using a tungsten microelectrode. This stimulation protocol produces two distinct patterns of fluorescent activity, both dependent on glutamatergic neurotransmission. The initial beam-like increase in flavoprotein fluorescence in response to PF stimulation is due to the postsynaptic activation of Purkinje cells and is principally dependent on AMPA receptors (AMPARs), with a smaller contribution from the group I mGluR, mGluR1a (25, 38) . On the decay of the beam fluorescent signal, a second fluorescent signal arises, specifically, patches of increased fluorescent activity, driven principally by activation of mGluR1a (27) .
To determine the role of estrogen receptor signaling, measurements of beam and patch signal intensity were compared before and after administration of the estrogen receptor antagonist ICI (1 mM) to the ACSF-filled optical chamber (Fig. 2B) . In cerebella from gonadally intact male mice, ICI produced a statistically significant decrease in both the beam (T = 4.84; P , 0.01; n = 5; Fig. 2C ) and patch (T = 12.28; P , 0.01; Fig. 2D ) fluorescent responses. In contrast, administration of vehicle to the optical chamber had no effect on either measure (n = 4; data not shown). To verify this was not a male-specific effect, the same measurements were obtained in the cerebella of ovariectomized female animals (n = 3), where ICI produced a statistically significant decrease in beam (control, 1.89% 6 0.05% vs ICI, 1.38% 6 0.03% DF/F; T = 5.54; P , 0.01) and patch (control, 1.29% 6 0.15% vs ICI, 0.49% 6 0.16% DF/F; T = 2.19; P , 0.05) fluorescence. In addition to antagonism of classic estrogen receptors, ICI has also been demonstrated to activate G protein-coupled receptor homolog (GPR30) (39) . Thus, to ascertain whether the effect of ICI could be attributed to this alternative receptor, we applied the GPR30 agonist G1 (1 mM) directly to the optical chamber in five male mice (Fig. 2E) . G1 was found to have no effect on either the beam (T = 1.43; P = NS; Fig. 2F ) or patch (T = 1.48; P = NS; Fig. 2G ) response.
Decreased activity in both the beam and the patch response by ICI indicated either an estrogen-mediated effect on mGluR signaling alone or an action on both mGluRs and AMPARs. To further explore how estrogen receptor activation is critical for the maintenance of synaptic transmission between PFs and Purkinje cells, the effect of ICI in the presence of the mGluR1a antagonist JNJ (1 mM) was examined in male mice. As expected, JNJ by itself produced a small, but statistically significant, decrease in beam amplitude (F = 9.26; P , 0.01; n = 5; Fig. 3A and 3B) , with concurrent elimination of the patch response (F = 15.31; P , 0.01; Fig. 3C ). However, ICI produced no additional effect in the presence of JNJ. These data indicate an effect of estrogen dependent on mGluR1a without affecting AMPAR signaling. Although it is well established that in the female rodent nervous system, estradiol activation of membranelocalized estrogen receptors leads to stimulation of group I mGluRs (40) , to the best of our knowledge, these are the first experimental data from male rodents to indicate a brain region in the male that responds similarly. These data are also consistent with previous observations in the male quail brain (41) .
The reduction of mGluR1a activation after ICI treatment could be due to alterations in pre-and/or postsynaptic activity of the PF synapse. To distinguish between these possibilities, field potential recordings of the response to PF stimulation were compared before and after the ICI addition to the bath (Fig. 4) . Analysis of the field potentials (Fig. 4B ) indicated a statistically significant effect of ICI (F = 12.35; P , 0.05; n = 4), but only the postsynaptic N2 component significantly decreased (P , 0.01, Bonferroni post hoc) without a substantial effect on the presynaptic P1/N1 component. These experiments were repeated using female mice (n = 4; Fig. 4C ). ICI had a similar effect in females (F = 20.24; P , 0.05) as in males, with a reduction only in the N2 (P , 0.01) and not in the P1/ N1 component.
Previous studies of females demonstrate estrogen receptor activity can lead to either mGluR1a or mGluR5 signaling, dependent on the brain site (42) (43) (44) (45) (46) . Adult Purkinje neurons typically express only mGluR1a (47, 48) , although under some conditions mGluR5 expression is also observed (49) . Hence, the next experiment was designed to corroborate previous work by testing whether estrogen signaling in Purkinje neurons was dependent on mGluR1a. In addition, the experimental method was to apply estradiol to determine whether it would enhance glutamatergic signaling in rats, similar in scope to the work previously described by Smith et al. (7) (8) (9) (10) . Whole-cell recordings of Purkinje neurons from cerebellar slices in both male (n = 3) and female (n = 2) animals examined the acute effect of estradiol (1 nM) on DHPG-induced (100 mM) inward currents (Fig. 5 ). The inward current produced by the pan-specific group I mGluR agonist was potentiated by estradiol (T = 9.35; P , 0.01, n = 5 recordings, one from each animal). Also, consistent with our hypotheses, application of the mGluR1-specific antagonist CPCCOEt (125 mM) both blocked ;90% of the total DHPGinduced current and eliminated any effect by the hormone, indicating that in Purkinje cells, estradiol affects cerebellar neurotransmission through modulation of mGluR1a. The residual current insensitive to CPCCOEt might be mGluR5 mediated, because the recordings were taken from animals at an age in which the cerebellum does express mGluR5 (50) .
To verify estradiol potentiation of mGluR1a signaling, a second whole-cell patch clamp experiment was performed to determine the effect of estradiol on PF-evoked EPSCs in Purkinje cells in the absence or presence of the mGluR1 antagonist CPCCOEt (Fig. 6) . To that end, we exploited the fact that group I mGluR signaling can enhance electrically evoked EPSCs (51). Consistent with estradiol specifically affecting mGluR1a signaling, estradiol, in both male and female neurons, enhanced EPSCs under control conditions (T = 6.11; P , 0.01) but had no effect in the presence of CPCCOEt (n = 6 recordings; n = 3 separate animals for each sex).
With estrogen receptor activation of mGluR1a signaling required for maximal PF-Purkinje cell neurotransmission, we sought to revisit whether local estrogen synthesis contributes to this process. Cerebellar fractions from intact male mice contained 5.92 6 3.29 pg/mg estradiol, which were not different from those of castrated mice (8.81 6 3.19 pg/mg; n = 8/group; T = 0.63; P = NS; assay blanks were 0.04 pg), indicating sources of estrogen were available to the cerebellum independent of the gonads. Parallel to the interaction observed between castration and Fad treatment on locomotor behavior, we next sought to directly test whether cerebellar neuroestrogen synthesis contributed to PF-Purkinje cell neurotransmission. Thus, beam and patch fluorescence in castrated animals were examined after direct administration of Fad (1 mM) to the cerebellar cortex ( Fig. 6A-6C ). Fad produced a reduction in both beam (T = 7.21; P , 0.01; n = 5) and patch (T = 4.59; P , .01) responses. However, the effects of Fad were not dependent on castration, because in intact male animals (n = 4), Fad also produced a statistically significant reduction to the beam (control, 0.68% 6 0.09% vs Fad, 0.25% 6 0.05% DF/F; T = 9.41; P , 0.01) and patch (control, 0.40% 6 0.09% vs Fad, 0.05% 6 0.03% DF/F, T = 5.51; P , 0.01) responses. Finally, similar effects were also observed in the cerebella of ovariectomized animals ( Fig. 6D-6F) , with Fad producing a reduction in both beam (T = 3.85; P , 0.05) and patch (T = 13.12; P , 0.01) responses (n = 4).
Discussion
The present data support the conclusion that estrogen signaling is critical for both PF-Purkinje cell synaptic transmission and cerebellum-dependent motoric behaviors. Not only does estrogen regulation of Purkinje neuron mGluR1a signaling appear to be a component of normal cerebellar function, but it also displays no overt sex differences, with many similar effects observed in both males and females. Moreover, the cerebellar cortex appears to be a source of estradiol, furthering the notion that this hormone can act locally as a neuromodulator. As such, estradiol regulation of mGluR1a signaling in support of the PF-Purkinje cell synapse provides an underlying mechanism to understand a decades-long uncertainty regarding estrogen function within the adult cerebellum.
The concept that estrogen supports basal cerebellar neurotransmission might seem heretical. However, accumulating evidence has been consistent with this hypothesis. Estrogen enhancement of cerebellar glutamatergic neurotransmission, the expression of aromatase within the cerebellum, and the dysfunction of behaviors attributable to cerebellar performance after administration of aromatase inhibitors are three distinct lines of evidence that support this hypothesis (52) . Uncovering estrogen regulation of mGluR1a signaling as a mechanism by which this steroid hormone acts within the cerebellum integrates these previous studies. It should be noted, however, that although our data are consistent with this hypothesis, alternative explanations exist. Owing to the nature of behavioral studies, we cannot unequivocally rule out effects of Fad in other brain regions or the periphery. Second, the level of aromatase inhibition achieved by central administration of fadrozole is unknown. The observed effects could not only be due to a decrease in estradiol but also to an increase in testosterone. Finally, although estrogen receptor coupling to mGluR1a has been demonstrated in various systems (42, 46, 53, 54) , estrogen receptor activation could facilitate mGluR1a function through a different pathway.
From various experimental systems, we know that estradiol synthesis occurs within the nervous system, can exert effects at the cell membrane in response to a stimulus, and exhibits enzymatic inactivation to terminate signaling. Based on these benchmarks, it has been hypothesized that estradiol can act as a neurotransmitter (55, 56) . Our findings regarding the diminution of locomotor behavior and PF-Purkinje cell synaptic transmission after depletion of cerebellar estrogens without directly manipulating the glutamate concentrations within this brain region further support this model. The work by Smith et al. (8, 10) first demonstrated that estrogens enhance glutamatergic neurotransmission in the cerebellum, with a corresponding increase in Purkinje cell activity during locomotor behavior. However, this phenomenon might not be unique to the cerebellum, because estradiol regulation of glutamatergic neurotransmission and connectivity has been reported in several other brain regions (57) (58) (59) (60) .
The decreased locomotor performance of male mice after Fad administration is consistent with data from human studies in which some women administered aromatase inhibitors have exhibited ataxia (61) . Importantly, the cerebellum is involved in more than just motor-related behaviors, including language, executive function, attention, working memory, pain, emotion, and addiction (62) (63) (64) . Estrogen signaling in the cerebellum might influence memory (11, 12) , cognition (13) (14) (15) (16) , and mood (65) . It is possible that these and other influences underlie the low adherence rate of patients taking tamoxifen therapy, although a lack of compliance results in a striking increase in the mortality rate (66) (67) (68) (69) (70) . Through pharmacological manipulations that circumvent the steroid hormone receptor, it might be possible to gain novel therapeutic strategies to inhibit estrogenresponsive cancers with concurrent maintenance of nervous system function.
Local estrogen regulation of mGluR signaling in the Purkinje neuron is most likely just one of several actions of estradiol in the cerebellum. Endogenous estradiol affects Purkinje cell dendritic growth, spine density, synaptogenesis, and excitability (4-6) and enhances long-term potentiation and vestibulo-ocular reflexes (71) . Cerebellar estrogen signaling also provides neuroprotection from a variety of insults (72, 73) . Its supplementation preserves the cerebellar gray matter as a function of aging (74, 75) and might improve locomotor and cognitive function in both disease and aging paradigms (76) (77) (78) . Future work will need to gain a greater appreciation for the role estradiol plays in maintaining and modulating cerebellar function during development, in the adult, and in disease states.
In conclusion, estradiol promotion of the PF-Purkinje cell synapse is an aspect of cerebellar physiology. Furthermore, the cerebellum appears capable of synthesizing estrogens to ensure proper neurotransmission, and deficits in estrogen production appear to adversely affect cerebellar function. 
